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Abstract 
Numerous "Fynbos" species of the Cape Floristic Region (CFR) have particularly 
fine, narrow leaves. The rates of transpiration and heat loss are partially dependent 
on boundary layer conductance, which is determined by leaf shape and size, surface 
modifications and wind speed. We expected fine-leaved species with higher 
boundary layer conductance to transpire faster than broad-leaved species at low 
temperatures whereas at higher temperatures we expected transpiration to be limited 
by stomata! conductance. In contrast, the rate of heat loss may be constrained by 
thick boundary layers in larger leaves at high temperatures. Leaf gas exchange 
characteristics at various temperatures were correlated with boundary layer thickness, 
leaf area and specific leaf area for 14 Proteaceae species using phylogenetically 
independent contrast species. When the temperatures of individual leaves were 
altered, while ambient temperature was kept at l 8°C, water loss decreased 
significantly at both 12°C and 30°C with increased leaf size and thus boundary layer 
thickness. At 30°C, small leaves with thin boundary layers resulted in leaf 
temperatures below ambient, while larger leaves with thicker boundary layers had 
leaf temperatures closer to ambient. However, at 30°C the variation in leaf 
temperature between the smallest and largest leaves was only 3.4°C. Such a small 
variation in leaf temperature is unlikely to alter temperature-dependent physiological 
processes. We conclude that the small boundary layer associated with small leaves 
enables fine-leaved species to transpire at faster rates when water is plentiful. This 
may be a particularly important strategy for plants that take up most of their nutrients 




We suggest that fine leaves are an adaptation for nutrient uptake during winter, 
although they may also have the benefit of improved coupling of leaf to ambient 
temperature during the summer drought period. 
Keywords: Fynbos, transpiration, boundary layer, leaf size, Proteaceae 
Abbreviations: 
Photosynthetic rate, A; stomata! conductance, g5 ; transpiration rate, E, water use 
efficiency, WUE, specific leaf area, SLA. 
Introduction 
Dutch settlers to the Cape of South Africa referred to the vegetation of the south-
western region as ' fijnbosch' (Cowling 1992). This term refers to the predominant 
fine- or small-leaved component of the vegetation (Taylor 1978). Fynbos is a fire-
prone shrubland occurring on nutrient-poor Table Mountain Group Sandstone-derived 
soils in the Mediterranean climate region of South Africa (Cowling 1992, Deacon et 
al. 1992). During winter, the fynbos biome receives large amounts of precipitation 
and the high run-off causes excessive nutrient leaching from the soil (Cowling & 
Holmes 1992). The summer drought presents a period of severe water limitation 
coupled with high temperatures. 
Sclerophyllous leaves are a conspicuous feature of fynbos (Stock & Allsopp 1992), as 
they are in the other Mediterranean-type ecosystems of the world where 
sclerophyllous plants are dominant. Sclerophylly has advantages for nutrient use 
efficiency and drought-tolerance in nutrient-poor environments (Stock et al. 1992). 
Sclerophylly is correlated with other leaf characteristics, such as leaf longevity, and is 
thought to enhance carbon return per unit of nutrient invested (Orians & Solbrig 
1977). The specific leaf area (SLA), which is a measure of sclerophylly, to leaf 
longevity relationship represents a trade-off, with species with lower SLA having a 
slower relative growth rate but a greater leaf life span and enhanced nutrient 
conservation (Westoby 1998, Aerts & Chapin 2000). Species with a higher SLA tend 
to have a greater photosynthetic capacity per unit leaf area due to the larger area for 
light capture per unit mass (Field & Mooney 1986). In Australian shrubland species 








leaf area and SLA; i.e. fine, small leaves tend to be thicker and more dense (Ackerly 
& Reich 1999). 
Correlations between leaf size and various environmental factors, such as temperature 
(Gates et al. 1968) and water relations (Taylor 1975) have been investigated. Species 
growing in arid and nutrient-poor environments tend to converge towards a lower 
SLA. This allows species from low-nutrient habitats to reach longer leaf life spans 
(Reich et al. 1997, Wright et al. 2002). Leaf size tends to decline with increasing 
elevation (Cordell et al. 1988), decreasing mean annual temperature, mean annual 
rainfall (Cowling & Campbell 1980) and lower soil fertility (Givnish 1987). For 
example, leaf size in several taxa in southeast Australia declined with both lower soil 
P and rainfall, although there was no correlation between soil P and rainfall 
(McDonald et al. 2003). 
Are fine-leaves an adaptation to summer drought in the fynbos? The size of the still 
air boundary layer at the surface of the leaf depends on leaf size and wind speed and 
influences movement of air around the leaf and conductance of gases in and out of the 
leaf (Nobel 1999). The thickness of this layer is reduced in small leaves and results 
in higher boundary layer conductance and increased convective cooling. Fine-leaves 
enable maintenance of leaf temperature close to ambient temperature, which is 
particularly important in extremely arid environments (Gates et al. 1968). Several 
small-leaved desert plants were compared with Opuntia in the same locale, and had 
leaf temperatures within 3°C of ambient, while those of Opuntia were 10 to 16 °C 
higher than air temperature (Gates et al. 1968). Bigger leaves absorb larger amounts 
of radiant energy and have large boundary layers resulting in leaf temperatures higher 
than air temperature and corresponding higher rates of transpiration due to the effect 
of temperature on the water vapour saturation content of air (Gates et al. 1968, Taylor 
& Sexton 1972, Taylor 1975, Geller & Smith 1982). Thus at high temperatures, 
small leaves may act to conserve water (Geller & Smith 1982). 
The thickness of the boundary layer of air at the surface of the leaf through which 
water vapour must diffuse after leaving the stomata governs the conductance of the 
boundary layer to water vapour, which in turn affects the transpiration rate (Geller & 




layer, which reduces boundary layer resistance to water vapour enabling faster 
movement of water vapour out of the leaf (Noble 1999). Therefore fine-leaves may 
lose more water, independent of the effects of boundary layer thickness on leaf 
temperature, which may be disadvantageous in arid areas. Givnish (1979) argued that 
although fine leaves, with smaller boundary layers, would have high transpiration 
rates, high boundary layer conductance would also allow greater convective cooling 
with a possible net reduction in water loss through evapotranspiration. 
The effect of high boundary layer conductance on water loss may be especially 
significant at low air temperatures corresponding to reduced water potential gradients 
between air and leaf. Under these circumstances fine leaves should lose more water 
than larger leaves as a result of their reduced boundary layer size and higher boundary 
layer conductance to water vapour (Nobel 1999). Could the predominance of fine-
leaved species in the fynbos be an adaptation to nutrient uptake in plants growing on 
nutrient-poor soils and receiving high winter rainfall? Nutrient uptake is restricted to 
the wet winter months for many members of the Proteaceae family with a 
Meditteranean distribution (Shane & Lambers 2005). Mass-flow of dissolved 
nutrients and water through the soil to the roots is driven by transpiration. The 
significance of mass-flow for delivery of nutrients to the roots depends on water flow 
and nutrient concentration (Barber 1995). Transpiration may be partially up-
regulated in plants grown under limited nutrient availability enabling greater mas-
flow of nutrients. For example, a perennial grass, Ehrharta calycina, grown with 
nutrient pellets not directly accessible to the roots had transpiration rates 1.68 fold 
higher than plants grown with nutrient pellets in the rhizosphere (Cramer, Hoffinann 
and Verboom, unpublished). 
We suggest that in fynbos, fine-leaves are an adaptation for nutrient uptake during 
winter, when water is available for nutrient uptake. Fine-leaves could also be an 
adaptation to summer drought, based on their lower absorption of radiant energy, 
higher convective cooling and corresponding lower rates of water loss. Thus, at high 
temperatures, fine-leaves may act to conserve water. To test these hypotheses, we 
selected 14 species in the Proteaceae family with varying leaf size and measured gas 
exchange parameters over a range of temperatures. 
4 
Materials and Methods 
Characterisation of the variation in water and temperature loss with size 
Pieces of filter paper of equal length (4 cm) and widths ranging from 0.1 to 1.5 cm 
were saturated with water and weighed at time intervals during drying in a phytotron 
chamber set to three different temperatures (8, 20 and 30°C). The rate of water loss 
per area (mmol m-2 s-1) was plotted against boundary layer thickness (mm) to 
determine the relationship between boundary layer thickness and water flux. The 
same paper strips were allowed to equilibrate with the surrounding air for 2 min 
before surface temperatures of the papers were measured using an LS infrared 
thermometer (Optris, Berlin, Germany). Measurements were taken at minimal 
irradiance (ca. 5 µmol m-2 s-1) to eliminate the effect of absorbance of radiation. The 
effect, therefore, represents only boundary layer conductance to heat transfer and 
convection. The difference between filter paper temperature and ambient temperature 
(!iT) was plotted against boundary layer thickness to determine the physical effect of 
boundary layer thickness on leaf cooling. 
Plant cultivation 
14 Proteaceae species with varymg leaf sizes were obtained from Kirstenbosch 
Nursery, Cape Town. The species were grown in a 1: 1 mixture of sand and compost 
in 2 L plastic bags. All species selected are perennial and occur in the winter-rainfall 
region of the W estem Cape, South Africa. Species from the Leucadendron, 
Leucospermum and Protea genera were chosen. To mm1m1se the effects of 
phylogenetic history on the results, fine- and large-leaved species were selected from 
each genus. Species ranged from the very fine-leaved Leucadendron laxum to the 
broad-leaved Protea eximia and averaged 20 cm in height. Plants were grown in a 
temperature controlled phytotron set to 20°C with a photoperiod of LD 10: 14 
(irradiance of 500 µmol ~-2 s-1) and were watered every 2 days and immediately prior 
to shoot gas exchange measurements. 
Shoot gas exchange measurements 
Photosynthetic rate, transpiration rate, stomata} conductance and leaf temperature of 
the youngest fully expanded leaves of plants growing in the phytotron were measured 
using an LI-6400 Portable Photosynthesis System (LICOR, Lincoln, NE, USA). An 




include the effect of boundary layer on gas exchange measurements. To assess the 
plant response to changes in ambient temperature, the phytotron chamber was set to 
four different temperatures (8°C, 15°C, 22°C and 30°C) prior to gas exchange 
measurements. The response of individual leaves to temperature changes was 
assessed by altering the LI-6400-05 conifer chamber temperature to 12°C and 30 °C 
while maintaining the phytotron chamber temperature at l 8°C. Chamber irradiance 
was set to 1000 µmol m-2 s-1 at plant height during the gas exchange measurements. 
Specific leaf area and boundary layer measurements 
Leaf area was measured using an LI-3000 Area Meter (LICOR, Lincoln, NE, USA). 
Leaves were dried in an oven at 80°C for 24 h to determine leaf dry weight. SLA was 
calculated as the leaf area (m2) per dry weight (kg). The diameter of the largest circle 
area that could be accommodated in the area of the leaves was used as a leaf 
dimension to estimate boundary layer thickness (mm) according to the 
equation8 = 4.off , where l = leaf dimension (m) and v = windspeed (m s-1) (Nobel 
1999). Wind speed was assigned an arbitrary value of 1 m s-1 in boundary layer 
calculations and thus the reported d values are an index of boundary layer size. 
Mass spectrometer determination 
Leaves were oven-dried, ground and weighed into 8 by 5 mm tin capsules (Elemental 
Microanalysis Ltd., Devon, U.K.) on a Sartorius microbalance (Goettingen, 
Germany). The samples were combusted in a Thermo Flash EA 1112 series elemental 
analyzer (Thermo Electron Corporation, Milan, Italy). The gases released were fed 
into a Delta Plus XP isotope ratio mass spectrometer (Thermo Electron Corporation, 
Milan, Italy) via a Thermo Finnigan Conflo III control unit (Thermo Electron 
Corporation, Milan, Italy), where their d13C values were determined. This was done 
at the University of Cape Town, where our own internal standards were run to 
calibrate our results relative to the international standard, CO2 in PeeDee belemnite. 
The deviation of the sample from the international standard is expressed as d13C = 
(Rsamp1JR.srandarc1-l )* 103, where Rsample represents the ratio between the heavy and 




Phylogenetic Contrast Analysis 
Known Proteaceae phylogenies (Barker et al. 2002, Barker et al. 2004, Barraclough 
& Reeves 2005) were used to generate a tree showing the relationships between the 
14 species used in the experiment. Trait relationships were evaluated based on 
correlation analyses using phylogenetically independent contrasts (Felsenstein 1985) 
based on the generated phylogeny. Branch lengths were assumed to be equal and 
assigned a value of 1.0. Comparative analyses were conducted using CACTUS 
(Version 1.13, Build 9, Prickly Software), which calculates independent contrasts and 
their correlations over the phylogenetic tree. Independent contrasts signify 
differences between the trait values of two sister taxa. This analysis was used to 
determine the significance of correlations based on phylogenetic history (CC) as well 
as independent of phylogenetic history (AC). 
Results 
Leaf characteristics 
Boundary layer thickness of the 14 Proteaceae species ranged between 0.12 and 0.56 
mm and was strongly correlated with leaf area (CC p < 0.001, Fig. lb). SLA showed 
no relationship with boundary layer (CC p = 0.288), although thin, needle like leaves, 
such as those of P. aristata, Ld. laxum, Ld. linifolium and thin leaves of Ld. 
platyspermum, tended to have low SLA (Fig. 1 a). 
Leaf gas exchange and temperature response to changes in ambient temperature 
When the leaf temperature was altered, fine leaves were cooler than broad leaves at 
all four temperatures (8°C, l 5°C, 22°C and 30°C); however the correlation between 
boundary layer thickness and temperature were not significant (Fig. 2, Table 1 ). On 
average, the rate of transpiration was 4.5-fold higher at 30°C than at 8°C. However, 
transpiration and stomatal conductance showed no correlation with boundary layer at 
any temperature (Fig. 3, Table 1). Photosynthesis reached at a maximum at 15°C and 
was low at 8°C and 30°C for all species (Fig. 4). There were, however, no significant 
correlations between photosynthetic rate and boundary layer size at any temperature 
(Table 1 ). WUE (NE) showed no relationship with boundary layer thickness at any 
temperature (Table 1). d13C, which is a proxy for WUE integrated over the duration 








correlated with SLA (p = 0.001). Thus thicker leaves, with low SLA, fixed more CO2 
than they lost H20. 
Leaf temperature response to changes in leaf temperature 
Cooling of filter paper was, on average, 5-fold greater at 28°C than at 10°C and 20°C 
due to the steeper vapour pressure gradient. The physical relationship between 
boundary layer size and leaf cooling indicates that small boundary layer size allows 
maintenance of temperatures closer to ambient (Fig. 5a). Thus when, boundary layer 
size was low, the difference between ambient temperature and filter paper 
temperature (~T) was low. Values were negative because only the effects of 
boundary layer conductance on heat transfer and convection were included, while the 
effect of absorbance of radiation was eliminated. When the temperature of individual 
leaves was altered, finer-leaves were cooler (Fig. 5b). At 12°C, fine-leaves were 
closer to ambient temperature, while larger leaves had temperatures significantly 
higher than ambient (CC p = 0.015). At this temperature, there was a l.9°C 
difference in ~ T between small leaves with thin boundary layers and large leaves 
with thick boundary layers. At 30°C, fine-leaves had temperatures lower than 
ambient, while larger leaves had temperatures closer to ambient (CC p = 0.001). 
There was a 3.4°C difference in ~T between leaves with thick boundary layers and 
leaves with thin boundary layers. 
Gas exchange response to changes in leaf temperature 
The physical relationship between water flux and boundary layer thickness obtained 
from the rate of water loss from different sizes of filter paper at different temperatures 
followed a reciprocal logarithmic relationship (Fig. 6a). Water flux increased 
substantially for low boundary layer sizes and the rate of increase was steeper at 
higher temperatures. When the plants were maintained at l 8°C and the temperature 
of individual leaves altered to 12°C or 30°C, water flux (E) from the leaves was 
strongly correlated with boundary layer (CC p = 0.016 and 0.020, respectively) and 
leaf area (CC p = 0.029 and 0.019, respectively) (Figs. 6b and 7). The decline in 
water flux with increasing boundary layer followed the physical relationship 
predicted by water flux from filter paper. At 12°C and 30°C, leaves with small 
boundary layers ( <0.2 mm) had rates of water flux substantially higher than that of 








higher at 30°C than at 12°C. The decrease in water flux with increasing boundary 
layer was steeper at 30°C than at 8°C. When boundary layers exceeded 0.2 mm, the 
variation in water flux between leaves with boundary layers of 0.2 mm and those of 
0.6 mm at both temperatures was low. 
At 12°C and 30°C, stomata! conductance declined with increasing boundary layer 
thickness (CC p = 0.014 and 0.038, respectively) (Fig. 8). The rate of decline of 
stomata! conductance with increasing boundary layer was similar at both l 2°C and 
30°C (Student' s T-test, p > 0.05). Thus, although stomata! conductance declined at 
the same rate at both temperatures, transpiration declined at a faster rate at 30°C. The 
rate of photosynthesis was not correlated with boundary layer at both 12°C and 30°C 
(CC = 0.436 and 0.449, respectively). Water use efficiency was significantly 
correlated with boundary layer at 12°C, however, the correlation was weak (r = 0.11 , 
CC p = 0.008) (Table 2). 
Discussion 
The predominance of fine-leaved species is a striking feature of the sclerophyllous 
vegetation of the Cape Floristic Region. Species of Erica (Ericaceae), which is the 
largest constituent genus in the Cape Floristic Region (Schumann et al. 1992), are 
predominantly fine-leaved. The fine-leaved component of Fynbos vegetation also 
includes members of the daisy (Asteraceae), legume (Fabaceae), jujube 
(Rhamnaceae), fibre-bark (Thyme-laeaceae) and blacktip (Bruniaceae) families, 
certain species of which have leaves similar in structure to those of the Ericaceae (van 
Rooyen & Steyn 1999). The Restionaceae and Cyperaceae which are also highly 
represented in the CFR have needle like culms with no leaves or very reduced leaves. 
High variation in leaf form is evident in the Proteaceae family, ranging from the 
broad leaves of species like P. cynaroides and P. eximia to the needle-like leaves of 
P. aristata and Ld. laxum and some Sorocephalus spp. Some Proteaceae species also 
have dissected leaves, e.g. Serruria and Paranomus spp. (Rebelo 2001). So, what are 
the ecophysiological advantages of fine-leaves in this Mediterranean-type ecosystem? 
The relationship between water flux and boundary layer was described by a reciprocal 
logarithmic curve, with fine leaves, with smaller boundary layers, transpiring at 















thickness influenced water flux substantially only when boundary layer thickness was 
less than 0.2 mm. The effect of boundary layer size on water flux was far greater at 
30°C than at 8°C. Boundary layer conductance and stomata! conductance operate in 
series and their relative magnitudes dictate which conductance is the main controller 
of transpiration (Martin et al. 1999). The Omega factor (0) is a dimensionless 
coefficient ranging between O and 1, which indicates the extent of stomata! control on 
transpiration (McNaughton & Jarvis 1983). When stomata! conductance is less than 
boundary layer conductance, as is the case for fine leaves, 0 is close to O and stomata 
are the overriding regulator of transpiration (McNaughton & Jarvis 1983). For larger 
leaves, 0 is· closer to 1 and any change in stomata! conductance will have a small 
effect on the rate of transpiration due to the low boundary layer conductance 
(McNaughton & Jarvis 1983). Thus when boundary layers are small, plants may be 
able to exert more control over transpiration by regulating stomata! conductance. 
This may be important at high temperatures, where the effect of boundary layer on 
water flux was higher (Fig. 6b ). Why would maximisation of the stomata! control of 
transpiration in fine leaves be an advantage? 
Plants with narrow leaves are found on nutrient-poor podsols, in montane rainforest 
and cloudforest with highly leached soils and in bogs (Givnish 1987). Mass-flow of 
dissolved nutrients through the soil is driven by transpiration (Barber, 1995). The 
importance of mass flow is dependent on nutrient concentration and solubility and 
water flux (Barber 1995). Transpiration driven water flux has been shown to be 
upregulated in plants grown under limited nutrient availability (Cramer, Hoffmann 
and Verboom, unpublished). Several environmental cues regulate stomata! 
conductance, one of which is nutrient availability. Recent research has revealed that 
this cue, in particular, may be highly important in regulating the degree of stomata! 
aperture. Stomata! closure has been shown to be induced in N-deprived plants due to 
changes in xylem sap composition (Dodd et al. 2003). Nitric oxide is a key signal 
molecule mediating ABA-induced stomatal closure and is synthesised by nitrate 
reductase in the guard cells (Desikan et al. 2002). Nutrient availability therefore 
plays an important role in the regulation of transpiration. We suggest that fine leaves 
and the related ability to transpire rapidly may be particularly important for nutrient-
acquisition, especially in fynbos species growing on nutrient-poor, highly leached 










can be highly costly, possibly leading to reduced leaf water potential and growth 
impairment (Lambers et al. 1998). Fine-leaves, which had high rates of transpiration, 
had no additional cost in terms of WUE (A/E) at both 8°C and 30°C, as might have 
been expected. The nutrient-acquisition advantages of high transpiration would only 
be beneficial when water is plentiful. The fynbos region experiences high 
precipitation during winter, which leads to leaching of soil nutrients, such as 
phosphorous and inorganic nitrogen. Plants of Mediterranean ecosystems are thought 
to take up nutrients in winter and to store them for growth in spring and summer 
(Shane et al. 2004). In the CFR, phosphorous and nitrogen are the main limiting 
nutrients but since phosphorous is sparingly soluble, mass flow most likely enhances 
uptake of inorganic nitrogen. Thus during winter, high transpiration rates may be 
particularly advantageous for nutrient uptake. 
At low temperature (12°C), fine leaves with smaller boundary layers had temperatures 
closer to ambient while the temperatures of larger leaves were higher than ambient 
(Fig. 6b ). At high temperature (30°C), fine leaves had temperatures lower than 
ambient, while leaves with larger boundary layers were closer to ambient. The low 
boundary layer size of fine leaves allowed increased cooling due to increased 
boundary layer conduction to heat transfer and convection. At 30°C, the difference 
between leaf temperature and ambient temperature was only 3.4°C higher in leaves 
with large boundary layers than in leaves with small boundary layers. The effect of 
evapotranspirational cooling was included in these temperature measures. Thus if 
evapotranspirational cooling, which would be higher in fine leaves, was excluded the 
differences in leaf temperature and ambient between fine- and large-leaved species 
would be even less. This consideration is important as evapotranspirational cooling 
may be low during summer. Is the observed difference of 3.4°C enough to 
substantially alter temperature-dependent physiological processes and to be a 
selective pressure driving the evolution of fine leaves? In Abies amabilis, a subalpine 
forest tree, elevated leaf temperature (6°C higher than ambient) had no significant 
impact on carbon gain during the growing season (Martin et al. 1999). We suggest 
that this difference of 3.4°C is not substantial enough to significantly alter 
temperature-dependent physiological plant processes and while the increased cooling 
of fine-leaves may confer some advantage at high temperatures, they are not an 













Givnish (1979) proposed that for fine leaves, with smaller boundary layers, 
transpiration could be high, however, high boundary layer conductance allowed 
greater convective cooling with a net reduction in water loss through 
evapotranspiration. Cooling of leaves can occur in several ways, including 
convective cooling, conductive cooling and evapotranspirational cooling. The effect 
of leaf cooling is, however, complicated by the effect of the boundary layer on water 
loss from leaves. In large-leaved species, transpiration is expected to be higher due to 
the increased leaf temperature as a result of higher absorbance of solar radiation and 
reduced convective cooling; however, the thick boundary layer also impedes loss of 
water from the leaves. Thus, when stomata! conductance is high, larger-leaved 
species transpire at slower rates and lose less water than fine leaves. In arid areas, 
small leaves are favoured because high evapotranspirational cooling of leaves cannot 
be supported and cooling of leaves is reliant on convective cooling to dissipate 
absorbed radiation (Lambers et al. 1998). Evapotranspirational cooling would only 
have leaf cooling advantages at high temperatures and when water is plentiful 
(Lambers et al. 1998). The low boundary layer size may enhance the extent to which 
transpiration can be controlled by stomata! conductance (McNaughton & Jarvis 1983) 
and may enable desert plants to exert greater control over the rate of transpiration. A 
complication to these single leaf predictions regarding leaf cooling is the difference in 
the number of leaves per plant. Several fynbos species have numerous, fine leaves 
while narrow-leaved desert plants have only a small number of narrow leaves. In 
desert-adapted plants, the fewer number of leaves present per plant may substantially 
reduce the amount of radiation absorbed per plant whereas in the fynbos the very high 
number of leaves of fine-leaved species would confer no advantage for reduced 
absorption of radiation as the total leaf area per plant may be similar to large leaved 
species (Yates and Cramer, unpublished) . 
The plant response to changes in ambient temperature varied from the responses of 
individual leaves to changes in temperature when growth temperature was maintained 
at l 8°C. When the ambient temperature of the whole plants was reduced to 8°C, the 
transpiration rates of all species were low and showed no correlation with boundary 
layer (Fig. 3). At low and high temperatures, the rate of photosynthesis was low (Fig. 
4) . Thus at low temperatures, when carbon assimilation was low, the rate of 










coupled. At high temperature (30°C), the vapour pressure difference between air and 
leaf increased and water was lost at faster rates. Carbon assimilation was low while 
transpiration was high, which implies an uncoupling of photosynthesis and 
transpiration at high temperatures. Kramer and Boyer ( 1995) suggest that 
transpiration is the "unavoidable evil" of photosynthesis. This negative view of 
transpiration can be misleading, as transpiration plays an important role in several 
plant functions, such as nutrient uptake and evapotranspirational cooling. Stomatal 
conductance, which is regulated by a cascade of endogenous controls in response to 
various environmental cues, may have influenced the plant response of gas exchange 
measures and resulted in the low correlations between boundary layer and gas 
exchange measures. We postulate that the effects of boundary layer size on gas 
exchange-dependent processes may only become apparent when both photosynthesis 
and transpiration are at their respective environmentally-determined maxima. 
Conclusions 
Leaves tend to reflect adaptations to various ecological conditions, although there is 
usually considerable divergence in the expression of leaf traits within habitats 
(Givnish 1987). Water flux was significantly greater in plants with boundary layers 
smaller than 0.2 mm in thickness. Thus, fine-leaved species, which have numerous 
leaves, have the potential to transpire at high rates at relatively low temperatures. 
This may be beneficial on the nutrient-impoverished, leached soils of the Cape 
Floristic Region, where high transpiration rates when water is plentiful, may increase 
mass-flow of nutrients to the roots. The high boundary layer conductance and 
convective cooling of fine-leaved species also allowed maintenance of leaf 
temperatures cooler than those of large leaves with increased boundary layer size. 
However, we suggest that the 3.4°C difference between leaf and ambient 
temperatures, at an ambient temperature of 30°C, between large- and fine-leaved 
species was not high enough to provide a major adaptive advantage, although it 
would certainly confer some advantage. We conclude that fine-leaves in the CFR 
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Table 1. Trait correlations between boundary layer/leaf area and gas 
exchange measures across 14 Proteaceae species using 
phylogenetically independent contrasts (CC) as well as excluding the 
influence of phylogenetic history (AC). Growth temperature was 
altered prior to gas exchange measurements. 
Trait 1 Trait 2 
Temperature ACP- CCP-
(oC) value value 
Boundary Layer (mm) E (mmol m-2 s- 1) 8 0.606 0.980 
15 0.307 0.456 
22 0.454 0.559 
30 0.848 0.920 
g, (mol m-2 s-1) 8 0.059 0.266 
15 0.307 0.456 
22 0.539 0.679 
30 0.508 0.385 
WUE(mol) 8 0.292 0.269 
15 0.495 0.227 
22 0.291 0.246 
30 0.755 0.755 
A (µmo! m-2 f 1) 8 0.905 0.572 
15 0.560 0.786 
22 0.702 0.819 
30 0.514 0.417 
!:,. T (OC) 8 0.150 0.185 
15 0.108 0.204 
22 0.166 0.193 
30 0.261 0.147 
dl3C 0.253 0.410 
Leaf Area ( cm2) E (mmol m-2 s- 1) 8 0.608 0.899 
15 0.413 0.740 
22 0.464 0.649 





Table 2. Trait correlations between boundary layer/leaf area and 
gas exchange measures across 14 Proteaceae species using 
phylogenetically independent contrasts (CC) as well as excluding 
the influence of phylogenetic history (AC). The temperature of 
individual leaves was altered while plants were maintained at 
18°C. 
Trait 1 Trait 2 
Temperature ACP- CCP-
(OC) value value 
Boundary Layer 
E (mmol m-2 f 1) 12 0.007 0.016 (mm) 
30 0.003 0.020 
gs (mo! m-2 s- 1) 12 0.039 0.014 
0 30 0.005 0.038 
WUE (mo!) 12 0.497 0.156 
30 0.018 0.008 
A (µmo! m-2 s- 1) 12 0.106 0.436 
30 0.095 0.449 
.-lT (OC) 12 0.014 0.015 
30 0.005 0.001 
Leaf Area ( cm2) E (mmol m-2 s-1) 12 0.002 0.029 
















Figure 1. Correlations ofSLA (a) and leaf area (b) with boundary layer (n = 14). The 
symbols and bars represent means ± S.E. The correlation coefficient (r) and 
regression equation are indicated on the graph. SLA showed no correlation with 
boundary layer (CC p = 0.288), while leaf area and calculated boundary layer 
thickness were strongly correlated (CC p = 8.12x10-7). 
Figure 2. Correlation between boundary layer and /1 T, the difference between leaf 
temperature and ambient temperature, at four different temperatures; 8°C (a), 15°C 
(b), 22°C (c) and 30°C (d). The ambient temperature was altered immediately prior to 
gas exchange measurements. Symbols and bars represent means± S.E. Correlations 
between /1 T and boundary layer were not significant at any temperature (CC p = 
0.185, 0.204, 0.193 and 0.14 7, respectively). 
Figure 3. Correlations between boundary layer and E at four different temperatures; 
8°C (a), 15°C (b), 22°C (c) and 30°C (d). The growth temperature was altered 
immediately prior to gas exchange measurements. Symbols and bars represent means 
± S.E. Correlations between E and boundary layer were not significant at any 
temperature (CC p = 0.980, 0.456, 0.559 and 0.920, respectively). 
Figure 4. Correlation between boundary layer and A at four different temperatures; 
8°C (a), 15°C (b), 22°C (c) and 30°C (d). The ambient temperature was set 
immediately prior to gas exchange measurements. Symbols and bars represent means 
± S.E. The correlations between boundary layer and A were not significant any 
temperature (CC p = 0.572, 0. 786, 0.819 and 0.417, respectively). Across all species, 
maximum A was reached at l 5°C (inset). 
Figure 5. Relationship between cooling and boundary layer. The physical 
relationship between cooling and boundary layer size was determined by measuring 
the temperatures of pieces of filter paper in a temperature-controlled chamber set to 
three different temperatures; 10°C, 20°C and 28°C (a). The degree of heating was 
assessed as the difference between paper temperature and ambient temperature (/1 T). 
Pieces of filter paper with smaller boundary layers were more coupled to the 









temperatures did not differ significantly (Student ' s T-test, p > 0.05). g5 declined with 













negative due to the exclusion of the effect of radiation. The relationship between leaf 
temperature and leaf boundary layer size was assessed by altering the temperature of 
single leaves, while maintaining plants at an ambient temperature of l 8°C (b ). The 
correlation coefficients (r) and regression equations are shown. At 12°C, leaves with 
smaller boundary layer had temperatures closer to ambient, while leaves with larger 
boundary layers were significantly higher than ambient (CC p = 0.015). At 30°C, 
leaves with smaller boundary layers were significantly lower than ambient (CC p = 
0.001). Thus fine-leaves, with higher boundary layer conductance were cooler. 
Figure 6. Relationship between water flux and boundary layer at different 
temperatures. The physical relationship between water flux and boundary layer was 
determined by the rate of water loss from pieces of filter paper in a temperature-
controlled chamber (a). The relationship between water flux and leaf boundary layer 
thickness was assessed by altering the temperature of single leaves while maintaining 
plants at an ambient temperature of 18 °C (b ). The curves obtained from the physical 
experiment were fitted to the data of water flux for single leaves at the different 
temperatures (b). Symbols and bars represent means ± S.E. The correlation 
coefficients (r) and equations of the curves are shown. For single leaves, the 
correlation between water flux and boundary layer was significant at 12°C and 30°C 
(CC p = 0.016 and 0.020, respectively). 
Figure 7. Correlation of water flux with leaf area. The phytotron temperature was 
maintained at l 8°C, while the cuvette temperature, in which single leaves were placed 
and gas exchange measurements taken, was altered. Symbols and bars represent 
means ± S.E. The correlation coefficients (r) and regression equations are shown. E 
significantly declines with leaf area at 12°C and 30°C (CC p = 0.029 and 0.018 
respectively), however the rate of decline was higher at 30°C. 
Figure 8. Correlation between g5 and boundary layer. The cuvette temperature, in 
which individual leaves were placed and gas exchange measurements taken, was 
altered while the ambient temperature was maintained at l 8°C. Symbols and bars 
represent means ± S.E. The correlation coefficients (r) and regression equations are 
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